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Abstract 
In the last few years, important step forwards have been made on Finite Element Simulation of machining operations. Wrought 
Ti6Al4V alloy has been deeply investigated both numerically and experimentally due to its wide application in the industry. 
Recently, Additive Manufacturing technologies as the Electron Beam Melting and the Direct Melting Laser Sintering are more 
and more employed in the production of biomedical and aeronautical components made of Ti6Al4V alloy. Fine acicular 
microstructures are generated by the application of additive manufacturing technologies, affecting the mechanical properties and 
the machinability. By the consequence, this peculiarity has to be considered in modelling the material behaviour. In this work, a 
numerical analysis of cylindrical external turning on Electron Beam Melted (EBM) Ti6Al4V alloy is presented. A Johnson-Cook 
constitutive equation was implemented as a flow stress model and adapted with respect to the wrought Ti6Al4V alloy. The model 
was calibrated and validated through the cutting forces and temperatures measurements acquired under dry and cryogenic 
lubricating conditions. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In the recent years, the diffusion of Additive Manufacturing 
(AM) technologies is revolutionizing the manufacturing 
processes of high-tech metallic and polymeric products. More 
and more companies operating in the aerospace and biomedical 
fields are revising their manufacturing strategies to produce 
aero-engine parts and artificial human replacements, “printing” 
the solid component via powder route instead of passing 
through the traditional process chains, including casting – hot 
working – and machining operations. In this way, even 
complex shapes are built in fewer manufacturing stages. Both 
the aeronautic and biomedical fields involve a great usage of 
Titanium alloys and the Ti6Al4V is the workhorse. AM 
components made of Ti6Al4V are mainly realized by Electron 
Beam Melting (EBM), Direct Melting Laser Sintering 
(DMLS), and Selective Laser Melting (SLS) techniques. By 
these forming processes, the alloy microstructure is strongly 
influenced, in particular finer microstructures are obtained in 
comparison with the ones of the hot worked or casted Ti6Al4V 
alloys [1], hence different mechanical properties result. Even 
though the adoption of AM techniques in manufacturing metal 
components reduces drastically the amount of machining 
operations, finishing milling and turning operations are still 
required to remove the porous surface layers, to compensate 
the geometrical inaccuracies of the process itself, and to 
prepare the surfaces to be joined with other components as the 
polymeric and ceramic inserts. Based on these considerations, 
with the aim of optimizing the production process chain and 
moreover respecting the surface integrity requirements, the 
machinability of the material must be properly investigated.
Several works have been conducted during the years aimed at 
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improving the machinability of the wrought Ti6Al4V through 
both numerical and experimental techniques, whereas no 
exhaustive works are available for the AM titanium alloys.
Finite element analysis of metal cutting operations are gaining 
more and more attention in the scientific community, 
foreseeing the possibility of predicting even complex thermo-
mechanical phenomenon as the induced residual stresses and 
the microstructural alterations [2, 3]. Considering the 
numerical simulation of metal forming processes, a key factor 
is the availability of a validated material model equation. In the 
case of the wrought Ti6Al4V, the Johnson–Cook (JC) material 
model is widely adopted to predict the material flow 
behaviour, and some modifications were implemented to better 
simulate the material behavior as a function of the temperature, 
strain and strain rate, such as in the Calamaz [4] and zel [5]
models. However, none of the works available in literature 
about FEA of machining processes deals with AM titanium 
alloys. The present work is aimed at developing the numerical 
simulation of machining operations conducted on the EBM 
Ti6Al4V alloy under semi-finishing cutting conditions. A JC 
based constitutive model was properly adapted and 
implemented into a commercial FE code. Semi-finishing 
turning tests carried out with adopting three levels of cutting 
speed and two levels of feed rate under dry and cryogenic 
lubricating conditions were employed to calibrate and validate 
the numerical model by comparing the cutting forces and 
temperatures.
2. Experimental procedure 
2.1. Material 
The machining tests were performed on the EBM Ti6Al4V 
supplied in the as-built condition, without any post forming 
heat treatment, according to the industrial standard. The 
microstructural analysis of the as-built material revealed a fine 
acicular microstructure that is clearly visible in Fig. 1: a basket 
wave morphology ofDphase lamellae is visible as the white 
phase, while the dark lamellae corresponds to theEphase that 
typically is present in a percentage from 5 to 10. This
microstructure is the consequence of the rapid solidification 
after the local melting of the metal powder and the following 
stabilization at the forming temperature of 600°C. Even though 
negligible variations are present in the chemical composition 
between the wrought and EBM alloys [1], a general increment 
of the UTS and hardness in the case of the AM alloy as 
indicated in Table 1 induces a worse machinability as found in 
[6]. The tested material was supplied in bars, which were 
grown having their symmetrical axis parallel to the electron  
Table 1. Mechanical properties of the EBM Ti6Al4V (as-built condition)
compared with the ones of the wrought alloy (ASTM F1472).
Material E
[GPa]
UTS
[MPa]
YS
[MPa]
Elongation
[%]
HRC
EBM
Ti6Al4V
114 914 830 13.1 35
Wrought 
Ti6Al4V
118 872 790 16 31
beam direction. The test pieces presented a diameter of 50 mm 
and length of 160 mm. In order to remove the porous surface 
layer that is generated by the EBM technique, the bars were 
pre-turned to a diameter of 49 mm before the experimental 
campaign.   
Fig.1. Microstructure of the EBM Ti6Al4V in the as-built condition. 
2.2. Machining tests set-up 
The semi-finishing turning tests were conducted on a Mori 
Seiki NL 1500 CNC lathe, equipped with a system aimed at 
supplying the Liquid Nitrogen (LN2) directly to the cutting 
zone. The LN2 is carried through a vacuum insulated pipe and 
a nozzles system composed by two cooper nozzles with an 
internal diameter of 0.9 mm that direct the flow towards the 
tool rake face and the primary cutting edge with an inclination 
of 45°. The utilized cutting tool inserts were uncoated carbide, 
Sandvik Coromant® CNMG 120404-23 H13A, mounted on a 
PCLNR/L 2020k12 tool holder supplied by the same 
manufacturer. The effective cutting angles and the tools 
geometry were measured with a Sensofar Plu-Neox™ optical 
profiler by scanning the tool insert mounted on the tool holder. 
The effective cutting angles resulted of being equal to 7° and 
8° for the rake and clearance angles respectively, while an 
approaching angle of 95° is defined by the tool holder 
geometry. A fresh cutting edge was adopted for each cryogenic 
and dry turning test, thus neglecting the tool wear effect in 
such short turning lengths. The turning trials, aimed at 
calibrating and validating the numerical model, were six for 
each lubricating conditions, resulting by the combination of 
three values of cutting speed and two values of feed rate, 
namely 50, 80 and 110 m/min, and 0.1 and 0.2 mm/rev, 
respectively; the depth of cut was kept constant and equal to 
0.2 mm in order to respect the semi-finishing turning 
conditions. The turning length was calculated for each turning 
trial ensuring a minimum machining time of 20 seconds to 
reach a steady state condition for the cutting temperature and 
forces. The experimental set up for the machining tests is 
shown in Fig. 2, in which the instruments adopted for the in-
line acquisitions of the cutting variables are shown. A 
Kistler®- type 9257 B three components piezoelectric 
dynamometer was mounted on the lathe revolver for the 
acquisition of the cutting forces along the cutting speed and 
feed directions. An infrared camera FLIR A6000-series was 
fixed on the tailstock allowing the acquisition of the thermal 
field from a frontal position with regard to the workpice. 
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Fig. 2. Experimental setup for cryogenic machining. 
The material emissivity calibration was realised by heating 
up a test piece into a temperature-controlled electrical furnace. 
The temperature near the cutting zone was measured thanks to 
a 0.5 mm diameter thermocouple embedded into the turning 
insert: a T-type thermocouple was employed for the cryogenic 
cooling conditions, while a K-type one for dry turning. In both 
cases, a hole of 0.9 mm diameter and 3 mm depth was realized 
by EDM at a distance from the tool nose of 1 mm. The 
thermocouple was maintained fixed in position during the 
machining operation by a thermo-conductive bound deposed 
into the hole, filling all the cavities. The acquisition of the 
cutting temperatures and forces was achieved by a LabView®
based software.
3. FE Numerical procedure 
The proposed numerical procedure developed in this paper 
is aimed at testing the feasibility of a consolidated material 
constitutive model for the wrought Ti6Al4V when 
implemented in a 3D FE model of a turning operation 
conducted on the EBM Ti6Al4V under dry and cryogenic 
conditions. Most of the material constitutive models for 
simulating the thermo-mechanical behavior of the wrought 
Ti6Al4V are based on the renowned J-C flow stress rule [7-9]. 
Based on previous works about Ti6Al4V machining 
simulation [10], the J-C material model modified by  zel in 
[11] was implemented into the numerical model. This 
modified material model proved its capability of predicting the 
chip morphology and cutting forces more accurately than the 
classic Johnson-Cook model coupled with a damage criterion, 
such as the Cockroft and Latham, Brozzo ones [12]. More in 
detail, the flow softening, which is believed to cause adiabatic 
shearing within the primary shear zone and thus the Ti6Al4V 
chip segmentation during machining operations, is 
mathematically modelled by additional terms to account for 
the strain softening effect dependent on the equivalent strain. 
An accurate description of the singular parameters of the 
flow stress model and their physical meaning can be found in 
dedicated published works [11], nonetheless the equations  
implemented in the model can be written as: 
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where the constants A, B, C, n and m are listed in the Lee Lin 
work [13], while r and S are the material parameters 
introduced by  zel [14]. The room temperature Tr was set 
equal to 20° for both dry and cryogenic cooling. 
The assumption of implementing a flow stress model that 
has demonstrated accurate numerical predictions in 2D and 3D 
turning of the wrought Ti6Al4V was considered by evaluating 
the tiny differences in terms of chemical composition and 
mechanical properties between the EBM and wrought alloys as 
evidenced in Table 1. Moreover, a previous experimental work 
conducted by [6] on a comparison between the cutting 
conditions highlighted the occurrence of the same chip 
segmentation and tool wear mechanisms for both the alloys.  
The commercial FEA code SFTC Deform 3D® was utilized 
to simulate the semi-finishing turning operation. The cutting 
tool was modeled as a rigid body (divided into 38000 
elements), and an isotropic hardening was assumed for the 
material of the workpiece, which was divided into 85000 
elements. Regarding the mesh density, the elements around the 
tool nose and along the machined surface were fifty times as 
dense as the other ones that presented a length of 7 Pm.
The cutting tool and the workpiece were allowed 
exchanging heat with the environment, by setting a convection 
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coefficient equal to 20 W/(m2K), which is a standard value for 
free-air convection in DEFORM, whereas an environmental 
window for heat exchange was defined between the machined 
surface and the flank side of the tool, near the tool radius to 
simulate cryogenic cooling effect, by setting a local 
temperature of -196°C and a convection coefficient, namely 
hcryo. As demonstrated in a previous work [10, 12], a good 
agreement between measured and predicted temperatures 
under cryogenic cooling is achieved for a value of hcryo equal 
to 20 kW/(m2/K). Aiming at reaching a thermal steady state 
condition at the tool chip interface in a short computational 
time, with the assumption of a thermally perfect contact, a 
global heat transfer, hint, was set equal to 100000 kW/(m2/K), 
according to the literature results [9]. Finally a sticking-sliding 
friction model (sticking governed by the shear model τ = mτ0;
sliding governed by the Coulomb model τ = μσ) was also 
implemented; the friction coefficients m and μ were chosen 
equal to 0.8 and 0.9, respectively, according to [12].
3.1. FE calibration 
The calibration of the FE model consisted in computing the 
friction coefficients that characterizes the implemented 
sticking - sliding friction model, namely m for the sticking 
friction and P for the sliding friction. Furthermore, even the 
coefficient A of the J-C equation (see eq. (1)), that governs the 
YS exhibited by the Ti6Al4V alloy, was calibrated to better fit 
the higher mechanical properties of the EBM Ti6Al4V in 
comparison with the wrought one (see Table 1). Based on 
recent works devoted at measuring the friction coefficients 
when machining under cryogenic cooling, the adoption of LN2 
provokes a variation on the friction mechanisms, hence on the 
friction coefficients. According to that, two parallel calibration 
procedures were performed to evaluate the friction 
coefficients, while the coefficient A was computed under dry 
condition. The calibration procedure was carried out for two 
cutting conditions tested, corresponding to the following 
cutting parameters: cutting speed of 50 m/min and feed rate of 
0.1 mm/rev for the first condition, and cutting speed of 110 
m/min and feed rate of 0.2 mm/rev for the second one. An 
iterative inverse analysis was implemented, based on error 
minimization by comparing experimental and predicted results 
Fig. 3. FE model and thermal assumption for simulating cryogenic cooling. 
of the main cutting force Fc, fixing a threshold value of 10% 
as an acceptable error. At the end of the calibration procedure, 
the friction coefficients resulted of being equal to 0.2 and 0.3 
for P and m respectively, whereas on the other side higher 
values resulted under cryogenic cooling being equal to 0.3 and 
0.4. The coefficient A of the J-C equation was raised to 
940MPa instead of the initial value assumed equal to 724.7 
MPa. 
4. FE Validation and FE analysis 
After the calibration phase, the FE model was validated by 
comparing the experimental results and the corresponding 
numerical data. FE simulations were executed for all the tested 
turning trials, the average values of the cutting forces were 
then calculated when a steady state condition was reached. 
Figure 4 shows the comparison between the measured and 
predicted cutting forces for dry and cryogenic machining. The 
predicted main cutting force fits correctly the experimental 
data for all the tested cutting condition under both dry and 
cryogenic cooling conditions. The highest errors were equal to 
-8.7 and -6.8 % for dry and cryogenic cooling conditions, 
respectively, when, in both the cases, the more severe cutting 
parameters were adopted, namely cutting speed equal to 110 
m/min and feed rate equal to 0.2 mm/rev. Figures 6 and 7 
show that even the feed force trend is correctly predicted 
although the differences between predicted and experimental 
data are higher than for the main cutting force. These 
discrepancies might be related to the used friction models that 
are well validated for orthogonal machining but not yet for 3D 
machining. More in detail, other important parameters might 
be taken into account and related to the friction coefficient as 
the tool geometry (tool nose radius, angles, etc.) and the grain 
size. It is worth to point out that for both the components of 
the cutting force, a progressive decrement is observed at 
increasing the cutting speed for the tested lubricating 
conditions. This aspect might be related to the thermal 
softening of the Ti6Al4V alloy that is provoked by the major 
heat generated into the cutting zone when increasing the 
cutting speed.  
Another important variable considered in validating the 
numerical model was the cutting temperature. The comparison 
between the measured and predicted cutting temperatures is 
showed in Fig.5, in which the cutting temperature measured by 
means of the IR Camera is compared with the average value 
computed on the tool rake face. The FE model simulates 
correctly the trend of the cutting temperatures at varying the 
cutting speed for both lubricating conditions tested even dough 
some discrepancies are denoted and the numerical and the 
experimental values. It is worth to note that the discrepancies 
might be partially induced by the high sensitivity of the 
temperature measurements with the selected position on the 
FE model and on the IR image. Nonetheless, the proposed 
model predict correctly the increasing trend of the temperature 
with the cutting speed for both dry and cryogenic conditions. 
Figure 6 on the right shows a coloured FE map representing 
the spatial distribution of the strain in the portion of material 
being cut along the radial direction.  
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Fig.4. Comparison between measured and predicted main cutting forces during dry and cryogenic machining. 
Fig 5. Comparison between the predicted and measured cutting temperatures. 
The model predicts correctly the strain gradient along the 
radial direction in the portion of the material being cut under 
the tool nose, indicated as the valid zone in Fig.6.
It is of fundamental importance to underline that only the 
portion of the FE model that presents the correct mesh setting 
can be considered for evaluating the numerical results, being 
the portion not totally affected by the remeshing steps. One of 
the main parameters to consider when evaluating the effects of 
machining operations on the material is the thickness of the 
severe plastic deformation layer, namely SPD as indicated in 
Fig.7. The average thickness of the SPD layer was evaluated in 
three different positions into the as defined valid zone. The 
proposed FE model predicts correctly the trends of the SPD 
thickness, where an increment is observed when increasing the 
cutting speed, moreover higher values of SPD are found when 
adopting the cryogenic cooling. 
5. Conclusions 
This paper presents a FE model of semi-finishing turning 
operation carried out on EBM Ti6Al4V under dry and 
cryogenic cooling conditions. Due to the lack of literature 
works and material properties, a modified Johnson-Cook model 
validated for the wrought Ti6Al4V was implemented and 
coupled with an hybrid sticking – sliding friction model for 
modelling the friction forces on the cutting tool.  
The model was calibrated and validated by comparing the 
predicted main cutting force with the experimental one under a 
couple of cutting conditions. 
Fig. 6. Map of strain distribution during FEA simulation along the radial 
direction under the machined surface. 
556   A. Bordin et al. /  Procedia CIRP  31 ( 2015 )  551 – 556 
Fig.7. Position of the severe plastic deformation layer (SPD) in the FE model on the right. Average SPD layer thickness on the left. 
The numerical results show a very good prediction of the 
main cutting force for all the tested cutting conditions under 
dry and cryogenic machining. The predicted feed force shows 
a trend that respects the experimental findings but wider 
discrepancies between the values are present, mainly due to 
the friction model that should be validated for 3D turning 
operations. Furthermore, the FE model predicts correctly the 
trends of importance parameter to evaluate when investigating 
the machinability of a material as the SPD layer thickness 
under the machined surface and the cutting temperature. 
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